Optical techniques are promising as a non-destructive process monitoring and control tool in high-throughput CdTe photovoltaic manufacturing. Three such techniques-spectroscopic ellipsometry, reflectometry, and scanning white light interferometry-were evaluated using devices made under diverse process conditions in the CSU Advanced Research Deposition System (ARDS). CdS/CdTe devices made at rough and smooth film process conditions as well as mechanically polished films were examined. With a proper model for surface roughness in the CdTe layer, an accurate thickness measurement can be made both of the CdTe layer and the underlying CdS layer for a variety of CdS thicknesses. Ellipsometry data taken through the glass can be used to measure CdS thickness for rough and smooth devices alike. Reflectometry results closely match ellipsometry results for CdS films. Finally, SWLI is being examined for measurement of surface morphology and TCO scribing.
INTRODUCTION
CdTe-based solar cell technology has proven amenable to high-throughput, low-cost continuous manufacturing. The recently completed Advanced Research Deposition System (ARDS) at Colorado State University has enabled the fabrication of CdS/CdTe solar cells with a high degree of process flexibility [1] . The ADS contains nine process stations (for film deposition or post-treatment) that can be used in any sequence for varying process times. The dependence of film morphology and electronic properties on process times and temperatures makes nondestructive optical measurement techniques attractive for process control. Three techniques, spectroscopic ellipsometry, reflectometry, and scanning white light interferometry were examined for this purpose.
Spectroscopic ellipsometry measures the change in polarization of light after it has been reflected from a thin film structure. It is a reasonably fast, inexpensive, nondestructive and powerful way to measure film thicknesses and optical properties. As a surface sensitive technique, ellipsometry gives results that are highly dependent on film surface roughness, which can vary greatly with sublimed films. Reflectometry is a simpler technique that directly measures the intensity of reflected light. Measuring from the glass side, these techniques could be used to characterize finished PV modules with back electrode and/or encapsulation steps completed.
Scanning white light interferometry (SWLI) is a technique which can very quickly and accurately measure surface profiles. Its lateral resolution is limited by the use of visible light to about 50 nm but it can have depth resolution on the order of 0.1 nm. Here, it was examined for its effectiveness in measuring RMS surface roughness as well as step heights of features in the glass.
EXPERIMENTAL DETAILS
Samples were fabricated on the CSU ARDS on 3.2-mm Pilkington TEC 10 glass. Substrate temperatures and process conditions were varied to induce different grain morphologies in the CdTe layer. A high-temperature regime produced CdTe films with RMS roughness of approximately 150 nm (observed by SWLI), while a lowtemperature regime produced a visually smoother but less coalesced grain structure. A third process in which the CdS layer was exposed to CdCl2 vapor prior to CdTe deposition produced a smooth surface and well-coalesced grains. This process was used for validation of thickness measurements with ellipsometry. Samples were produced at 5 CdS thickness set points (40 nm to 340 nm) and 3 CdTe thickness set points (approximately 1.5 um, 2.5 um, and 4 um). At each CdS thickness setpoint, a reference CdS-only on TEC 10 sample was made.
Ellipsometry was performed on a J.A. Woollam Co. VASE rotating analyzer ellipsometer. This system allows measurement at a variety of angles at wavelengths from 250 to 1700 nm. The WVASE32 computer program provides for model fitting and analysis of the experimental data. For film-side ellipsometry, scans were performed in the wavelength range of 750-1700 nm at three angles (60°, 65°, and 70°). For glass side ellipsometry, the incident light beam forms two distinct beams: one reflects directly off the glass, and one is reflected from the back surface of the glass and the thin films. The first beam must be physically blocked from the detector to produce meaningful data. Through-the-glass ellipsometry has recently been shown to be an effective way to measure film thicknesses and properties [2] . For these films data was taken from 300 to 1700 nm at an angle of 60° from normal, incident on the glass.
TEC 10 glass has three films deposited on soda lime glass: an intrinsic SnO2 layer, an SiO2 layer, and a SnOx:F transparent conductive layer. A model was constructed for the TEC 10 TCO glass based on the model of Von Rottkay and Rubin [3] . This was optimized to create a good fit from both the film side and the glass side and to match layer thickness observed in SEM. Surface morphology of the SnOx:F layer was verified via a Veeco Innova Atomic Force Microscope. Refractive indices for the CdS and CdTe semiconductor layers were taken from published reference values [4, 5] . The CdTe optical properties were allowed to fit an oscillator model which is described in more detail below.
Reflectometry measurements were taken on an Angstrom Sun Technologies TFProbe spectroscopic reflectometer. This system uses light in the range of 400-1100 nm. This was used for CdS only on TCO samples and compared to ellipsometry results.
Surface profile data was taken using a Veeco Innova AFM and a Zygo NewView 7300 Scanning White Light Interferometer.
Step height data was taken using a Veeco Dektak profilometer as well as the Zygo SWLI. The AFM and profilometer values were compared to the SWLI results.
ELLIPSOMETRY RESULTS
Film-side ellipsometry data were recorded for three polished samples-untreated CdTe on TEC 10, CdCl2-treated CdTe on TEC 10, and CdCl2-treated CdTe/CdS/TEC 10. Polishing was performed with a 50-nm alumina slurry in ethanediole, which has been shown to produce a smooth finish in CdTe [6] . A comparison of these films at 70° beam incidence was performed in the photon energy range above the CdTe bandgap in order to see the optical properties at the polished surface only. This comparison indicates that the CdCl2 treatment has virtually no effect on the bulk optical properties of the CdTe film above its bandgap. The treated CdTe-on-CdS film shows slightly different properties which could be attributed to sulfur intermixing into the CdTe layer or a slight variation in the polishing treatment of this film. A simple model was created to fit the ellipsometry data and is shown in Table 1 For comparison, thicknesses were measured physically by etching a sharp edge using a bromine-methanol solution followed by stylus profilometry performed on a Veeco Dektak profilometer. The reference CdS thickness is from CdS-only on TEC 10. Fig. 3 compares ellipsometry best-fit CdS thicknesses for reference samples and under the CdTe layer to profilometry step-height measurement. Reference samples were also measured by reflectometry using optical models developed for ellipsometry. The best fit thicknesses are very similar between the two techniques. Fig. 4 shows a typical best fit of reflectometry data.
Figure 3. A comparison of best-fit CdS thicknesses to profilometry
In performing ellipsometry from the film side, rough films scatter virtually all incoming light and the roughness has a dominant effect on the data. Ellipsometry from the glass side was performed to determine if CdS thickness could be measured in spite of the highly scattering back surface. A CdS/CdTe device was made under rough process conditions. Unpolished and polished subsamples were compared using the respective models. The CdS thickness of about 330 nm (measured by SEM) agreed well between the two models which produced best-fit thicknesses of 331 nm and 323 nm, respectively. The sharp interference patterns of the smooth film below the CdTe bandgap energy do not appear for the rough film. The differences can be seen in Fig. 6 . Measurements of layer thicknesses for smooth films from glass-side ellipsometry show good agreement with film side and reference measurements.
The CdTe thicknesses from the model were also compared to step height measurements. The CdTe layer thickness was considered the CdTe layer plus the roughness layer. This was compared to the step height thickness for the CdS/CdTe stack minus the reference CdS thickness. A graph of the comparison is shown in Fig.  5 . The largest error for 15 samples was 8% for one thick sample but is typically within 4%. A fit through the origin shows low systematic error. The advantages of performing ellipsometry through the glass are numerous: (1) the technique can be employed on a complete, back-contacted and encapsulated device, (2) roughness has a less drastic effect on the results, and (3) information on the sub-layers can be collected above the CdTe bandgap. For through-the-glass measurements, the light strikes the glass surface at an angle of 60 degrees, and is refracted into the glass where it reflects off the back surface. To model this, the glass was considered ambient, and the angle of incidence was modeled as the angle through the glass, approximately 35°. For a polished or smooth film, light will reflect specularly from all interfaces and produce an interference pattern in regions where the layers are transparent. For a very rough device, light traveling through the CdTe layer at the back will be scattered. Therefore, a CdTe layer with a 'void' substrate was used for smooth films, and a CdTe substrate was used in the model for rough films.
SCANNING WHITE LIGHT INTERFEROMETRY RESULTS
Scanning white light interferometry (SWLI) has been shown to measure TCO scribes with very good depth resolution and has many potential applications for examining morphology and solar cell structures. It can also discern individual CdTe grains, and was evaluated for measurement of surface roughness as well as for step heights.
Wavelength (nm) 300 600 900 1200 1500 18 < in degrees RMS Surface roughness measurements were taken for the 15 thickness measurement samples by AFM on a 5-µm square. Three nearby 10-µm squares were measured by SWLI at the highest magnification, 200X; the three values were averaged. This magnification provided a 50-nm lateral resolution. The two measurement techniques show a systematic difference in roughness measurement but have a good correlation; a regression of the two is shown in Fig. 7 . CdS thickness and CdTe thickness were both found to have a large effect on roughness.
Step height measurements were in excellent agreement with profilometry measurements. 
